Abstract Knowledge of fractures and their connectivity in geologic media is paramount to groundwater resource management. However, the theory of connectivity between the fractures and their measurement techniques, and its application in modelling are still under great debate. Various studies indicated that the aquifers of the basement complex rocks in Kano are regolith and the fractures are connected at various depths. However, no study has stated the extent (spread) of the underlain fractures, their position, the connectivity between the fractured zones and whether or not all the fractured rock aquifers are productive (water available within fractures). Therefore, this study was undertaken with a view to addressing these challenges. It is established using the GIS-based spatial analysis approach that 52.28 % of the underlain aquifers are productive. The minimum and maximum depths of the underlain fractured rocks are 19.8 and 50.6 m, respectively. Only 19 % of the total study area is unproductive while 42.35 % of the underlain basement complex is characterized by fractures. These fractures are completely saturated.
Introduction
There exist pervasive fractured geological formations all over the world, and their presence is appreciated in many ways in the field of engineering and environmental studies (Berkowitz 2002) . Knowledge of the fracture zones and their connectivity in geologic media is paramount to groundwater resource management as well as groundwater remediation and pollution prevention. The theory of the connectivity of fractures as well as their measurement techniques and modelling methodologies are still in great debate (Hao et al. 2008) . New approaches were developed aimed at dealing with fractured rock sites; however, there exists a time lag in the development of new research for subsequent application by the decision-makers of environmental policies (Steimle 2002) . Approximately 15 % of the total land area cover in the entire South Africa is characterized by fractured aquifers (Holland and Witthüser 2011) , and about 40 % of Australia's groundwater is stored in fractured rock, and roughly 33 % of its Electronic supplementary material The online version of this article (doi:10.1007/s12517-016-2355-4) contains supplementary material, which is available to authorized users.
boreholes (10 % of total extraction) are in a fractured rock system (Australia n.d.) .
Mathematical models and characterization approaches are crucial to quantitatively define and envisage the flow and solute transport processes in the fractured geologic media as well as contamination remediation measures (Hao et al. 2008 ). Due to increasing water demand, fractured rock aquifers are preferable nowadays, although the fractures may not permanently contain a large quantity of water. The knowledge of fractured rock aquifer flow is a field in water research that will soon attract the increased attention of many countries, because critical characterization as well as proper understanding of the groundwater flow pattern in a cost-effective approach is essential for effective groundwater management. This is with a view to addressing issues related to the yield and capacity of the fractures and nature of the groundwater recharge (whether or not anthropological activities hinder its quality) and also to ascertaining the sustainability of the source in terms of both quantity and quality (United States Geological Survey (USGS). Fractured-rock aquifers: understanding an increasingly important source of water. http://toxics.usgs.gov/pubs/ FS-112-02/ 2014). Fractured rock aquifers are similarly regarded as potential sources of radioactive and other types of waste (United States Geological Survey (USGS). Fractured-rock aquifers: understanding an increasingly important source of water. http://toxics.usgs.gov/pubs/FS-112-02/ 2014). It is a common assumption that the depth of fractured crystalline bedrock influences the number and yield of waterbearing fractures (Goodrich 1991) .
Characterization of fractured rock sites comprises the use of conventional methods such as outcrop mapping, fracture trace investigation, drilling, coring and borehole geophysics. Despite being slow and expensive, however, borehole drilling to date is considered the main technique (Steimle 2002) . The characterization of fractured rock is among the contemporary challenges to hydrogeologists (Faybishenko et al. 2000) . This is because of the intricacy of the fracture distribution in virtually every type of rock. Currently, no single technique is believed to explicitly map fractures and their capacity for fluid movement. However, researches are synthesized by scientists from the fields of geology, geophysics, hydrology and geochemistry to develop methods of ascertaining subsurface fractures and their role in groundwater management (United States Geological Survey (USGS). Fractured-rock aquifers: understanding an increasingly important source of water. http:// toxics.usgs.gov/pubs/FS-112-02/ 2014).
In Nigeria, poor understanding of the geology, dearth of suitable hydrogeological base maps, privation of infrastructural services and lack of a working legislature torment hydrogeological practice thereby instigating problems in groundwater management (Akujieze et al. 2003) .
The geographic information system (GIS) is gaining popularity particularly in the field of engineering and environmental studies for effective management of spatial data and decision-making (Stafford 1991; Chowdhury et al. 2009 ). It (GIS) was utilized in spatial groundwater pollution vulnerability assessment and has proven to be the most effective methodology (Hamza et al. 2015; Evans and Myers 1990) , whereby maps are produced from a set of decision criteria linked to a number of physical parameters representing a particular case study (). It was employed in spatial evaluation of water quality by Babiker et al. and Chatterjee et al. (Babiker et al. 2007; Chatterjee and Raziuddin 2002) . It was used to delineate lineaments from Landsat images in the Kingdom of Saudi Arabia by Hariri and Abdullatif (Hariri and Abdullatif 2005) . Muralitharan and Palanivel (Muralitharan and Palanivel 2012 ) studied the lineament delineation using geophysical resistivity data in India. Groundwater potential zones were also delineated using GIS by Ali et al. (Ali et al. 2015) . Kumar et al. (Kumar et al. 2008 ) applied GIS for the Groundwater recharge potential zones were delineated using GIS in Sri Lanka by Senanayake et al. (Senanayake et al. 2015) .
Nevertheless, numerous challenges thrive when integrating a model in specific applications with GIS. Part of these challenges is the adaptation of the model with GIS environment. However, if this can be effectively achieved, it may definitely be an attractive way of improving water resource management strategy (McKinney and Cai 2002) . Map usage is encouraged for improved organizational integration and better decision-making, as reported by WHO (2014) . Furthermore, GIS maps can be employed to depict relationships and important hotspots within an area under study, hence making them more comprehensible than other forms of data presentation approaches (Graham et al. 2011) .
While studies carried out by many researchers indicated that the aquifers of the basement complex rocks in Kano are regolith and the fractures are connected at various depths. No researcher has stated the extent (spread) of the underlain fractures, the depth/position of the fractured rocks (spatially), whether or not all the fractured rock aquifers are productive and the level of connectivity between the fractured zones. Hence, this study is aimed at delineating the fractured zones and assessing the storage potentials of the identified areas using GIS-based spatial analysis.
Study area
Kano State is located in the northern part of Nigeria (Fig. 10) within the latitudes 10°40′ and 12°48′ north and the longitudes 7°43′ and 10°east, covering an area of approximately 20,131 km 2 . The mean annual rainfall and temperature are 800 to 900 mm and 26°C, respectively. Kano is underlain by rocks of the Nigerian basement complex comprising migmatite-gneiss complex, younger metasediments, and older and younger granites (Agricultural 1990) . The aquifers of the Kano basement complex rocks are regolith, and the fractures in the fresh bedrock are interconnected at various depths (Uma and Kehinde 1996) . This is further proven by Bala et al. (Bala et al. 2011) .
Data collection and analysis
One thousand borehole log data obtained from Kano Agricultural and Rural Development Authority (KNARDA) were used in the analysis. The data were entered into Microsoft Excel in comma-separated values (CSV) format which is compatible with the GIS environment. The coordinates were transformed into decimal degrees. The location of boreholes is shown in Fig. 1 .
The administrative boundary map of the study area was obtained from the U.S. Geological Survey (USGS) archive using the GCS WGS 1984 coordinate system. The Clip (a spatial analyst tool in ArcGIS 10.1) was used in defining the administrative boundary of Kano. The georeferenced points represent truly the study area as they were scattered all over the administrative boundary map as shown in Fig. 1 .
Fracture delineation
The steps taken in the fracture delineation were as follows:
1. One thousand borehole data from KNARDA (1990) spread over the entire study area were entered into Microsoft Excel. 2. The coordinates were transformed from the degree/minute/second (DMS) format to decimal degrees. 3. The occurrence or non-occurrence of fracture was identified from borehole logs provided. 4. One (1) was assigned to a borehole that recorded occurrence with fracture and zero (0) for non-occurrence as the Z attribute, and the file was saved in CSV format. 5. The characterized points (i.e. 0 and 1) were then interpolated using the natural neighbour interpolation technique (a spatial analyst tool in ArcGIS 10.1) as shown in Eq. (1)
where G(x, y) is the estimate at coordinates (x, y), w i are the weights and f (x i , y i ) are the known data at x i , y i . The weights, w i , are calculated by finding how much of each of the surrounding areas is 'stolen' when inserting x i , y i into the tessellation. The resulting delineated fracture is shown in Fig. 2 . The thematic map obtained shows that 42.35 % of the study area is characterized by a massive connection of fractured rock aquifer which is predominant in the south-western part. Again, a substantial amount of patches (i.e. porous media) is also noticeable mostly in the north-eastern parts.
Depth to the fractured media
The knowledge of the depth at which the fracture is situated is essential in the groundwater pollution assessment and effective groundwater management. This is because the depth controls the travel time of pollutants. Depth of fractured bedrock influences the yield of water-bearing fractures. Moreover, the information on the fracture depth may also aid the geotechnical engineers in decision-making (e.g. the effects of fractures on underground storage reservoirs, tunnelling and other structures).
The attribute (Z) was generated according to the corresponding depths to fracture. Similarly, the points were georeferenced into Arc Map 10.1 and interpolated using the Ordinary Kriging (OK) interpolation technique as shown in Eq. (2). 
where n is the number of scattered points in the set, f i are the values of the scattered points, and w i are weights assigned to each scattered point. When the depths to the fracture of the corresponding boreholes shown in Fig. 1 were interpolated, it was found that the shallowest and deepest locations of the fracture were 19.8 and 50.6 m, respectively (Fig. 3) . The depth was further reclassified into three using 10-m intervals. It was observed that the depth is increasing in the north-south direction and the connected fractures are predominant within the shallower zones.
Finally, the fracture depth difference map was obtained (Fig. 4) by multiplying the delineated fracture map (Fig. 2) with the interpolated fracture depth map (Fig. 3) as shown in Eq. (3), using the Raster Calculator (a spatial analyst tool). It is seen that the depth to the fracture is predominantly deeper in the northern part of Kano, and the shallower zones are in the south. delineated fracture map Â fracture depth map
No-aquifer or poor-yield zone
In the same manner of the fracture delineation, the boreholes that recorded poor yield were also sorted and analysed to ascertain whether or not the fractured rocks are productive (i.e. store water). It was established that the no-aquifer or poor-yield zone constitutes 19 % of the study area (Fig. 5) . This is realized by sorting and interpolating the borehole data (that are unproductive) using the OK interpolation technique.
Fracture and poor yield relationship
To ascertain the relationship between the fracture and the aquifer characteristics, the resulting maps were further subjected to Fig. 6 Relationship between the fractured and no-aquifer zones map overlay analysis. Therefore, the fracture-delineated and the poor-yield maps were superimposed (Fig. 6) . The results shown in Table 1 indicated that the relationship between the fracture and no-aquifer (or poor-yield) zones was only 4 %. This signifies that groundwater exists in 38.35 % of the fractured zones, while 15 % of the areas with no fracture do not contain water (i.e. unproductive). This further implies that 81 % of the entire study area is productive, while 52.28 % of the productive areas is within the fractured zones.
Furthermore, to establish a relationship between these three maps (i.e. fracture delineation, no aquifer and depth to fracture), an overlay analysis was carried out.
Fracture, depth to the fracture and poor-yield zones relationship
The delineated fracture, depth to the fracture and no-yield maps were overlaid with a view to establishing the relationship between them. The depth was divided into three quantile classes of 10-m intervals such as low (19.8-30), medium (30.1-40) and high (40.1-50.6) as shown in Fig. 7 . It was found that the fracture is predominantly located at lower depth and less within the medium depths. However, as for the noaquifer (or poor-yield) zones, it was established that they are primarily located in high and medium depths, while less is in low-depth zones. The knowledge of the SWL is essential in many engineering and environmental studies, e.g. it gives an idea of the type of pump to be installed during exploitation for a particular area. The SWL was employed in this research to determine whether a connection exists between the fracture and the SWL. Figure 9 shows that all the fractures are saturated (with water) which signifies their productiveness. However, the deeper zones are located in the extreme north and the shallowest at the middle of the map. It shows that 5-10 m covers 1.3 % of the fractured zones, 10.1-15 m is 24.02 %, 15.1-20 m is 56.14 %, 20.1-25 m is 13.72 %, 25.1-30 m is 4.22 %, while 30.1-33.4 m covers only 0.6 %.
Fracture and SWL relationship

Validation
With a view to justify the validity of the thematic map produced, 58 borehole logs data (different from those obtained in Fig. 1 ) scattered over the entire study area (selected randomly) were georeferenced using the global positioning system (GPS). The corresponding data were then compared with that of the delineated fracture map (Fig. 2) . Only 49 (83 %) out of the 58 sampled data were found apt. Furthermore, to confirm the authenticity of the GPS coordinates utilized in the study, the SWL map ( Fig. 8 ; as a sample) was converted from layer to keyhole mark-up language (KML) (a GIS language compatible with Google Earth), with a view to ascertaining the map fitting on the global position (Fig. 10) , and the map is found to fit perfectly.
Conclusion
This study highlighted the effectiveness of GIS in geoscience. Spatial analysis was employed to assess the hydrogeologic features of Kano, Nigeria. It was found that 42.35 % of Kano was characterized by a massive connection of fractured rock aquifer which was predominant in the south-western part. The depth to the fracture was predominantly deeper in the northern part of the area while the shallower zones were primarily in the south. It was established that the no-aquifer or poor-yield zone constituted 19 % of the entire area of Kano. The relationship between the fractured and poor-yield (or noaquifer) zones was only 4 % which signifies that the groundwater existed in 38.35 % of the fractured zones. Only 15 % of the entire area with no fracture was unproductive. Hence, 81 % of the entire study area was productive, while 52.28 % of the productive areas were within the fractured zones. It was revealed that the minimum and maximum SWL within Kano ranged from 4.16 to 27.6 m. The shallowest SWL were predominantly located at the extreme southern part. It will be beneficial to prospective researchers interested on characterization of the fractured zones such as flow analysis. Moreover, the knowledge of the fractured zone can be included as a new parameter in the area of groundwater vulnerability assessment. It will surely enhance the technique's acceptability considering the fact that the fractured rock aquifers are equally regarded as a potential pollution source.
